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Summary
Plant microRNAs (miRNAs) are processed by the RNase
III-like enzyme DICER-LIKE1 acting in concert with
the double-stranded RNA-binding protein HYPONASTIC
LEAVES1 and the zinc finger protein SERRATE. Together,
they excise a miRNA/miRNA* duplex with a 2 nucleotide 30
overhang from the primary miRNA (pri-miRNA) transcript
[1–4]. pri-miRNAs include a partially self-complementary
foldback or stem loop, which gives rise to thematuremiRNA.
In animals, pri-miRNAs are very similar, with a stereotypic
position of the miRNA within the foldback. Accordingly,
rules formiRNA excision from the precursor are quite simple
in animals [5]. In contrast, howmiRNA sequences are recog-
nized in the structurally much more diverse foldbacks of
plants is unknown. We have performed an extensive
in vivo structure-function analysis of Arabidopsis thaliana
pri-miRNA 172a (pri-miR172a). A junction of single-stranded
and double-stranded RNA 15 nucleotides proximal from the
miRNA/miRNA* duplex appears to be essential for accurate
miR172a processing. This attribute is found in several other
but not all plant miRNA foldbacks. In addition, we have iden-
tified features of the distal foldback structure important for
miR172a processing. Our ability to engineer de novo a func-
tional minimal miRNA precursor highlights that we have
discovered several elements both necessary and sufficient
for accurate miRNA processing.
Results and Discussion
Effects of Point Mutations on pri-miR172a Processing
Efficiency
Processing of animal primary microRNAs (pri-miRNAs) begins
in the nucleus with the release of anw70 nucleotide-long stem
loop, called precursor miRNA (pre-miRNA), with which the
proximal end of the mature miRNA/miRNA* is defined. Exci-
sion of the miRNA/miRNA* duplex from the pre-miRNA, the
second step, occurs in the cytoplasm (reviewed in [6]). In
plants, processing occurs in the nucleus, and there is no evi-
dence for a similar two-step mechanism (reviewed in [7]). We
refer to the pre-miRNA equivalent, miRNA containing stem
loop as foldback (Figure 1A; see also Figures S1a and S1b
available online).
Because naturally occurring small point mutations have
shed light on miRNA processing in humans [8, 9], we per-
formed mutagenesis of a miRNA precursor to identify sites in*Correspondence: weigel@weigelworld.org
2Present address: Chromatin and Reproduction Group, Temasek Life
Sciences Laboratory, 1 Research Link, National University of Singapore,
Singapore 117604, Singaporethe miRNA foldback required for efficient processing. For an
assay system we used overexpression of miR172a, which
causes very early flowering in most transformants [2, 10–12].
The usefulness of this assay was initially tested by ethyl
methanesulfonate mutagenesis of miR172a-overexpressing
plants. Three lines, in which the early flowering phenotype
was partially suppressed, had mutations in the transgene
(Figure S1c). Two of the mutations were in the miRNA itself,
but one was 4 base pairs proximal to the miRNA/miRNA*
duplex. Because it was outside of the miRNA, it was likely
to interfere with the accuracy or efficiency of processing
rather than the ability of miR172a to reduce activity of its target
genes, indicating the usefulness of mutagenizing the miR172a
foldback.
We introduced a series of additional point mutations that
either disrupted base pairing or closed unpaired bases in the
foldback, with the goal of identifying structural features impor-
tant for miRNA processing. All point mutations were on the 50
arm of the miRNA foldback, opposite to the mature miRNA,
to avoid confounding effects caused by reduced activity of
miR172a itself. See Figure S3 for the effects of each mutation
on foldback structure and the exact phenotype.
Most point mutations did not alter pri-miR172a activity,
as deduced from the early flowering phenotype of trans-
genic plants overexpressing the mutant constructs (Figure 1;
Table S1; Figures S2–S4). Several mutations were around
the first, proximal processing site, indicating a tolerance to
minor structural changes at this position (e.g., mut18; see
Figure S3w). In humans, a single-nucleotide polymorphism in
the miRNA duplex can strongly attenuate processing of pri-
miRNAs to pre-miRNAs [8], suggesting that the Arabidopsis
thaliana processing machinery is more tolerant to structural
changes inside the miRNA duplex than its animal counterpart.
Processing Determinants in the Proximal Region
of miR172a Foldback
In the following, we divide the miRNA foldback into three parts:
the proximal region, which contains three major unpaired
regions between the base of the foldback and the miRNA/
miRNA* duplex; the miRNA/miRNA* duplex itself; and the
distal region with the terminal loop (Figure 1A). In animals,
the proximal cleavage site of the DCL1-containing processing
complex is determined by the distance from the miRNA/
miRNA* duplex to the base of the foldback, which constitutes
the 50 and 30 ends of the pre-miRNA. In plants, by contrast, the
distance from the miRNA/miRNA* duplex to the base of the
foldback is highly variable [13].
To determine the importance of features within the foldback
base, we introduced several deletions (Figure 2). In the pri-
miR172a foldback, there are three unpaired regions proximal
to the miRNA/miRNA* duplex. Deletion of the entire proximal
region, including only the third and largest unpaired region or
the second and third unpaired regions, did not compromise
pri-miR172a activity (mutants stem1 and stem2; Figure 2;
Figures S3c and S3d). On the contrary, deletion of the proximal
portion including the first unpaired region abolished the ability
of pri-miR172a to cause early flowering (mutant stemcore;
Figure 2; Figure S3e). The phenotypic effects of the mutant
Figure 1. miR172a Overexpression
(A) Secondary structure of the miR172a foldback predicted with mfold 3.2 [29]. Arrows indicate the position of point mutations that do not affect the over-
expression phenotype. ‘‘1st,’’ ‘‘2nd,’’ and ‘‘3rd’’ indicate the different proximal unpaired regions referred to in the text. The proximal cleavage site mapped by
50 RACE is indicated, with the fraction of corresponding clones given.
(B) Phenotype of untransformed plants (Col-0), negative control transformed only with vector, and plants overexpressing miR172a from the wild-type
precursor.
(C) Flowering time of point mutants shown in (A), measured as number of leaves produced on the main stem before the first flower. Error bar indicates stan-
dard error of the mean. At least 15 T1 plants were analyzed for each construct.
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43transgenes were closely paralleled by the amount of miR172a
detected on small RNA blots (Figure 2B).
To investigate the effect of the stemcore mutation on
miR172a processing, we performed 50 rapid amplification of
cDNA ends (50 RACE) to map the proximal, and therefore
30-most, cleavage site of the DCL1 processor complex in the
pri-miR172a foldback (Figure S2e) [14]. Compared to wild-
type pri-miR172a, the cleavage sites were shifted 12 to 13
nucleotides distally (Figure 1A; Figure 2A), which was 16 to
17 base pairs from the base of the stemcore stem loop. An
intermediate cleavage site, proximal to the first processing
site [15], was not detected.
Concentrating on this processing-sensitive region, we intro-
duced more subtle mutations proximally to the first unpaired
region. Closing the first unpaired region (mut54) had no effect,
consistent with results obtained with point mutations in this
region (Figure S3ba). Closing the second unpaired region,
however, led to a loss of miR172a product in mut55 due to
a proximal shift of the first processing site by 8 nucleotides(Figures 2A and 2B). Notably, the new processing site was
now 15 nucleotides distal from the third unpaired region.
A very interesting point mutant was mut29, in which the
second unpaired region was enlarged at its distal end and
the stem separating the first and second unpaired regions
was correspondingly shortened (Figure 2; Figure S3ah). In
mut29, not only was the main cleavage site shifted distally,
but the accuracy of processing was also compromised.
Together with the results from mutant stem1, this observation
suggests that it is not the unpaired region per se but the tran-
sition from single-stranded RNA to double-stranded RNA that
is required for positioning the DCL1 complex 14 to 15 base
pairs proximal to the miRNA/miRNA* duplex (see also mut30;
Figure S3ai). The intervening double-stranded stem of at least
6 base pairs can tolerate small 1 nucleotide bulges (seemut24,
mut25, mut26, and mut27 in Figure 1 and Figures S3ac–S3af).
An alternative explanation for the effect of mut29 on pro-
cessing could be that the distance between the first and
second unpaired regions was changed. The results with
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Figure 2. Analysis of the Proximal miR172a Foldback Region
(A) Predicted secondary structures and phenotypes of mutants. Stemcore, stem1, and stem2 are mutants in which the regions below the horizontal lines
were deleted. Mapped cleavage sites of mutants are indicated with blue lines, with the fraction of clones corresponding to each position given. The wild-type
proximal cleavage site is indicated in gray. Arrowheads indicate mutated bases in mut54, mut55, and mut29; the small black frame indicates a deletion in
mut 24nt. Black stars indicate asymmetrical, unpaired bases.
(B) Small RNA blots. RNAs extracted from three biological replicates were loaded consecutively in each lane. As a loading control, U6 ribosomal RNA was
used. Because of its larger size, the replicates are not clearly resolved for U6.
(C) Flowering time of mutants. Error bars indicate standard error of the mean. At least 15 T1 plants were analyzed for each construct.
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44mut54 argue against such a scenario because mut54 elimi-
nates the first region but does not affect processing (Figure 2).
In contrast, consistent with the DCL1 complex using the
second unpaired region as a landmark, closing the region in
mut55 abolishes processing (Figure 2).
All proximal mutants that retained the 15 base pair distance
between the second unpaired region and the miRNA/miRNA*
were able to induce very early flowering. In further support of
the 15 base pair rule, deleting 4 base pairs of the stem justproximal to the miRNA/miRNA* in mut 24nt caused a distal
shift of the processing site (Figure 2).
Importantly, the distal shift of the cleavage site in mut 24nt
was 5, not 4, nucleotides. The shift by 1 extra base pair was
apparently caused by the unpaired bases (indicated by aster-
isks in Figure 2A) located proximally to the cleavage site.
Positioning of the processing site in mut 24nt suggests that
asymmetrical, unpaired nucleotides do not contribute to the
measured distance. We propose that this is due to the covalent
miRNA Processing in Arabidopsis
45bond on the opposite side of the molecule, which cannot be
stretched. The 15 base pair rule, however, does not apply to
all A. thaliana miRNAs. Specifically, the proximal region is
dispensable for the closely related plant miRNAs miR159 and
miR319 [16, 17], indicating that there are different miRNA
biogenesis mechanisms.
Processing Determinants in the Distal Region of miR172a
Foldback
After identifying structural features of the proximal region
important for precise miRNA processing, we investigated the
contribution of the distal portion of the miR172a foldback.
Minor changes of the structure of the distal region, such as
pairing the single-stranded first nucleotide of the miRNA in
mut01 (Figure 3A), had little effect on the ability of pri-
miR172a to induce early flowering. Even deleting almost the
entire distal portion in mut63, leaving only a single-paired
base pair beyond the miRNA/miRNA* and a predicted 4 nucle-
otide terminal loop, did not completely abolish the miR172a
overexpression phenotype (Figure 3; Figure S3bg). Somewhat
surprisingly, stronger effects were seen when we disrupted the
defined stem-like secondary structure at the distal processing
site of the miRNA/miRNA* duplex itself in mut14 and mut15.
Opening this region strongly reduced the levels of overex-
pressed miR172a (Figure 3; Figures S3s and S3t). The correct
proximal cleavage site was, however, unaffected, suggesting
that proximal and distal cleavage can be separated. mut63
supports this hypothesis. In addition to the miRNA, a larger
RNA species of about 50 bases is seen, which likely corre-
sponds to the pre-miRNA, i.e., the miRNA/miRNA* duplex
including the much-shortened terminal loop (Figure 3B).
Design of a Minimal miRNA
Based on the insights gleaned from the mutants, we designed
a minimal pri-miRNA construct called pri-amiR-CH42 (Fig-
ure 4A). The mature amiR-CH42 sequence was adopted from
an artificial miRNA (amiRNA), amiR-SUL [18], that targets
At4G18480 (CH42), a gene involved in chlorophyll biosynthesis
[19]. Knockdown of CH42 with this amiRNA leads to an easily
recognized bleaching phenotype [20]. The pattern of paired
and unpaired bases of the miRNA/miRNA* duplex for amiR-
CH42 was copied from miR172a, because the structure of
the miRNA duplex contributed very little to correct processing
as long as the duplex was in a defined stemlike shape (Figure 1;
Figure 3; Figure S3).
The non-miRNA/miRNA* portion of the foldback was
designed de novo based on the information gleaned from
the mutant analyses. The proximal portion of the foldback,
which was kept as short as possible, contained a 5 nucleotide
unpaired region and a stem of 14 base pairs of random
sequence, which ended with G:C base pairs before the
unpaired region, to maximize stability. This structural feature
was adopted because several miRNA foldbacks, including
miR172a, have a partially paired stem of 14 to 17 base pairs
proximal to the miRNA/miRNA* duplex (Figure 4B). A system-
atic survey of all A. thaliana miRNAs conserved in Populus tri-
chocarpa [13], excluding the related miR159 and miR319
miRNA, which are processed by a distinct loop-to-base mech-
anism [21], confirmed that unpaired regions proximal to the
miRNA/miRNA* duplex increase substantially in size beyond
a point that is about 15 nucleotides from the duplex (Figure 4C).
Distal to the miRNA/miRNA* duplex of pri-amiR-CH42, a 7
base pair stem was placed because the results with mut63
had suggested that too short a distal stem reduced processingefficiency (Figure 3; Figure S3bg). To disentangle direct effects
of amiR-CH42 on its target from those potentially caused by
amplification and secondary small RNAs, we expressed pri-
amiR-CH42 under the SUC2 (At1G22710) promoter, which is
active only in phloem companion cells [22]. Plants expressing
pri-amiR-CH42 showed a similar but somewhat weaker
bleaching phenotype around leaf veins (Figure 4D) as controls
expressing an amiRNA against CH42 from the standard
miR319a backbone [18].
A small RNA blot confirmed that the predicted amiR-CH42
was produced (Figure 4E). A second, larger species was also
detected. Several A. thaliana MIRNA genes have recently
been shown to give rise to miRNAs of 23 to 25 nucleotide
length in a DCL3-dependent fashion, in addition to the canon-
ical 21 nucleotide species produced by DCL1, and this
appears to be correlated with the length and extent of
mismatches in the precursor [23]. The amiR-CH42 foldback
contains two long, perfectly paired stems of 14 and 15 base
pairs, which is unusual for evolutionarily old miRNAs. The
production of longer miRNAs could likely be reduced by intro-
ducing mismatches in the stems.Conclusions
Animal miRNA foldbacks are usuallyw33 base pairs long, with
a proximal 11 base pair stem, the 21 base pair miRNA/miRNA*
duplex, and a terminal loop at the distal end (reviewed in [6]). In
plants, the miRNA-containing foldbacks are much more
diverse in length and structure, with the miRNA/miRNA*
duplex being at variable positions, including being very close
to the proximal base of the foldback, such as in pri-miR159
and pri-miR319 [24–26]. Both miRNAs have recently been
shown to be processed in an unusual loop-to-base pathway
[16, 17]. Inspection of other A. thaliana pri-miRNAs did not
reveal any obvious common feature, be it sequence or
structure, that is present in all of them. However, several pri-
miRNAs, such as pri-miR168a, pri-miR164a, pri-miR171a,
and pri-miR390a, share with pri-miR172a a transition between
a major unpaired region and a paired stem 14 to 15 base pairs
proximal to the miRNA/miRNA* duplex (Figures 4D and 4E).
This transition is also conserved in the foldback of A. lyrata
pri-miR172a (see Figure S4). Both the structure of endogenous
pri-miRNAs and some of our pri-miR172a mutants indicate
that the 14 to 15 base pair stem proximal to the miRNA/miRNA*
duplex tolerates small unpaired bulges or similar variants as
long as the linear structure of the foldback is maintained. Simi-
larly, the extent of pairing in the miRNA/miRNA* duplex is flex-
ible. Only the distal processing site appears to be quite sensi-
tive and needs to have a defined structure. In addition, distally
to the miRNA/miRNA* duplex, a certain minimum length of the
stem is important for accurate and efficient processing.
In summary, we have identified structural features required
for accurate and efficient processing of miR172a, and these
appear to apply to the majority of A. thaliana miRNAs, with
the notable exceptions of miR159 and miR319 [16, 17]. It will
be interesting to determine whether there are additional alter-
native pathways for miRNA processing in plants and whether
they all evolved at the same time.Experimental Procedures
Plants
The Columbia-0 (Col-0) accession was used as background, and plants
were grown at 23C in 16 hr light and 8 hr dark. Plants were transformed
by floral dip [27]. At least 15 T1 plants were analyzed for each construct.
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Figure 3. Analysis of the Distal miR172a Foldback Region
(A) For comparison, the wild-type miR172a foldback is shown on the left; insets show details of mutants.
(B) Small RNA blots.
(C) Flowering time of mutants. Error bars indicate standard error of the mean. At least 15 T1 plants were analyzed for each construct.
Current Biology Vol 20 No 1
46Cloning
Mutants were generated from the plasmid HW042 by DpnI-mediated site-
directed mutagenesis and polymerase chain reaction amplification. Mutant
precursors were recombined into pGREEN-IIS destination vectors, with the
CaMV 35S promoter in front of a modified Gateway recombination
cassette. pGREEN-IIS, a derivative of pGREEN-II [28], confers resistance
to spectinomycin in bacteria. Sequences of constructs are available on
request.RNA Analysis
Total RNA was isolated from inflorescences of at least 12 pooled T1 plants
with Trizol reagent (Invitrogen) and resolved by 17% polyacrylamide gel
electrophoresis under denaturing conditions (7 M urea). Small RNAs were
detected with end-labeled oligonucleotide probes (DNA for U6 ribosomal
RNA detection and locked nucleic acid [Exiqon] for miR172a and amiR-
CH42 detection). Cleavage sites in pri-miR172a were mapped by 50 RACE
like described in [14] (see Figure S2e).
Figure 4. Minimal amiR-CH42 and Secondary Structures of MicroRNA Foldbacks
(A) Predicted secondary structure of pri-amiR-CH42.
(B) Examples of microRNA (miRNA) foldbacks with a similar structure as pri-miR172a, including a 14 to 15 nucleotide stem proximal to the miRNA/miRNA*
duplex. The miRNA is indicated in blue, the miRNA* in gray.
(C) Position weight matrix analysis for all Arabidopsis thaliana miRNAs conserved in Populus trichocarpa. X axis indicates distance from miRNA/miRNA*
duplex (green boxes). Y axes indicate average run of unpaired bases. Dashed lines indicate the overall average of unpaired bases. From 15 nucleotides distal
to the miRNA/miRNA* duplex, the size of unpaired regions is above the average (red).
(D) Representative plants expressing amiR-SUL, produced from thenatural miR319a backbone, and amiR-CH42, processed from an entirely artificial precursor.
(E)Small RNAblots. Thefirst three lanes were loadedwith 4, 2, and1mg of RNA from aSUC2::pri-amiR-SUL line and the last two lanes with 4mg of RNA each from
two different SUC2::pri-amiR-CH42 T1 plants.
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48miRNA Secondary Structure Analysis
All miRNA structures were folded with mfold 3.2 [29]. For all A. thaliana
miRNAs conserved in Populus trichocarpa [13], with the exception of the
miR159 and miR319 families, the annotated miRNA stem sequences were
extended and folded with RNAfold (ViennaRNA 1.8.3) [30]. A position weight
matrix analysis was performed separately for 50 and 30 arms. A value was
assigned based on the size of the unpaired region that a base participated
in, with 0 for paired bases, 1 for unpaired regions of size 1, 2 for unpaired
regions of size 2, etc.
Supplemental Information
Supplemental Information includes one table and four figures and can be
found with this article online at doi:10.1016/j.cub.2009.10.073.
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